With the progress in modern technological research, novel biomaterials are being largely developed for various biomedical applications. Over the past two decades, most of the research focuses on the development of a new generation of bioceramics as substitutes for hard tissue replacement. In reference to their application in different anatomical locations of a patient, newly developed bioceramic materials can potentially induce a toxic/harmful effect to the host tissues. Therefore, prior to clinical testing, relevant biochemical screening assays are to be performed at the cellular and molecular level, to address the issues of biocompatibility and long term performance of the implants. Along with testing strategies in the bulk material toxicity, a detailed evaluation should also be conducted to determine the toxicity of the wear products of the potential bioceramics. This is important as the bioceramics are intended to be implanted in patients with longer life expectancy and notwithstanding, the material will eventually release finer (mostly nanosized) sized debris particles due to continuous wear at articulating surfaces in the hostile corrosive environment of the human body. The wear particulates generated from a biocompatible bioceramic may act in a different way, inducing early/late aseptic loosening at the implant site, resulting in osteolysis and inflammation. Hence, a study on the chronic effects of the wear particulates, in terms of local and systemic toxicity becomes the major criteria in the toxicity evaluation of implantable bioceramics. In this broad perspective, this article summarizes some of the currently used techniques and knowledge in assessing the in vitro and in vivo cytotoxicity and genotoxicity of bioceramic implant materials. It also addresses the need to conduct a broad evaluation before claiming the biocompatibility and clinical feasibility of any new biomaterial. This review also emphasizes some of the case studies based on the experimental designs that are currently followed and its importance in the context of clinical applications.
Introduction
The eld of biomaterial technology has rapidly progressed over the last few decades with the advent of advanced medical devices and implants developed from metals, ceramic and polymeric materials. 1 Bioceramics are an important subset of biomaterials, employed in medical and orthopedic applications, mainly for the repair and replacement of diseased and damaged parts of the human skeleton, bone, teeth and joints.
2,3
They are currently the major players in the orthopedic market, 4 due to their high biocompatibility and osseointegration, and most importantly because of their similarity to the mineral component of bones (hydroxyapatite). 3 Other advantages of bioceramics include low chemical reactivity, being almost totally inert and, therefore, non-toxicity. However, not all bioceramics implanted are chemically inert, and in fact, elicit a response at the tissue-implant interface. 5 Modern ceramic technology has vast potential in formulating porous and moldable ceramics, making them an excellent scaffolding material for tissue growth. Based on the common response of tissues to implants, bioceramics are mainly classied into three groups; (1) bioinert ceramics, (2) bioactive ceramics and (3) bioresorbable ceramics.
6 Alumina (Al 2 O 3 ) and zirconia (ZrO 2 ) fall under the category of bioinert materials, which are otherwise termed as biotolerant and hence do not induce any interfacial biological bond between the implants and bone. 7 The chemical inertness of these materials results in the formation of a very thin layer of acellular collagen capsule at the interface, isolating it from the body. The thickness of this brous layer depends on several factors, both on the tissue side (tissue type, health/age of the tissue etc.) and the implant side (composition, porosity, surface morphology, chemical reactions, etc.). 5, 8 They formed the rst generation of hard tissue replacements, which was later on replaced by bioactive and bioresorbable materials. nature, forming direct chemical bonds with bone, or even with the so tissue of a living organism.
2 Bioresorbable ceramics (tricalcium phosphate) are eventually replaced by the host tissue, or it may later on actively participate in the metabolic processes. 6, 9 Over the years, these diverse classes of bioceramics progressed as an alternative to metals, in terms of their bioinertness and processablilty. 10 They can be produced in a variety of forms and phases, usually as powders in restorative materials in dentistry, or as inert coatings that are thromboresistant and corrosion protective, or most widely as bulk implants, prostheses or prosthetic devices, that can directly bond with tissues for skeletal repair and reconstruction. 5 Conventional processing routes, such as liquid-phase sintering, solid-state sintering, hot pressing and the sol-gel method are commonly employed to fabricate fully dense, relatively inert crystalline ceramics.
5,10
Spark plasma sintering is an alternative method to high temperature conventional technique of bioceramics, making the consolidation of a powder compact possible at lower temperatures and shorter duration by charging the intraparticle porous region with electrical energy and efficiently applying a high temperature spark plasma momentarily. [11] [12] [13] Currently, with the rapid advancement of modern solid free form fabrication techniques, like three-dimensional printing, stereolithography, fused deposition modeling, robocasting and phase-change jet printing, it is possible to produce complex biomimetic and patient specic 3D porous scaffolds that permit the desired tissue ingrowth and vascularistaion. [14] [15] [16] With the advent of many biomaterial compositions, it has become the prime focus of this eld to ensure the safety of the newly developed or currently used material, by proving its biocompatibility and understanding its toxicological prole.
17
The risk assessment of bioceramics becomes a critical issue because of their intended use in intimate contact with the tissue for a longer period. 25 The ideal approach for a biocompatibility evaluation is to test the material on human subjects, but this is complicated, due to legal and ethical considerations. In order to provide various therapeutic solutions for various human diseases, clinical testing can be conducted with materials, only aer successfully completing the rst three phases of biocompatibility testing recommended by the ISO (International Organization for Standardization) guidelines. 18 As a permanent replacement of diseased tissues in human bodies, the compatibility of biomaterials directly affects the response of nearby tissues. Besides the cytotoxicity and histotoxicity, the detection of genotoxicity has become a necessary process to evaluate composite materials. 19 Government agencies and regulatory bodies such as the ISO and the FDA (Food and Drug Administration) provide procedures, protocols, guidelines, and standards that may be used for the biocompatibility evaluation of newly developed materials.
20
Depending on the nature and duration of the contact of a biomaterial with an osseous system, an appropriate set of standards are recommended by the ISO. The rst part of the guideline, ISO10993-Part 1, provides the methodology for choosing the proper biological evaluation tests. It also includes vital information about the positive and negative control materials, extraction conditions, choice of cell lines and cell media, as well as important aspects of the test procedures, including tests on extracts, and tests by direct and indirect contact. 21, 22 Part 2 explains the animal welfare requirements, and Parts 3 presents the guidelines for specic test procedures or other testing-related issues. 5, 23 The FDA follows the ISO guidelines in some areas, but the test procedures and requirements vary slightly between the two. Generally, all nonclinicallaboratory studies, including in vitro and in vivo experiments, for biomaterials that are intended for human use should comply with the Good Laboratory Practice (GLP) regulations. Hence, it is important to note that the biocompatibility validation studies should obey the GLP regulations for any regulatory approval. 23, 24 The standards and guidelines for evaluating the biocompatibility of materials are continually updated or modied, according to new scientic advances, or to prevent the recurrence of problems that have arisen in the past.
It is known that the implantation of biomaterials causes a cascade of reactions in the biological environment. The host tissue, together with the physical properties of the biomaterials, determines the biocompatibility and the longevity of the implants. Therefore, understanding the phenomena of the biological interaction of a biomaterial serves as an important aspect in evaluating the stability of an implant. Various issues, such as the improper choice of an analytical determination test and a lack of knowledge in choosing an appropriate quantity of the test substance limits the complete evaluation of medical implants. 25 Although there will be a small level of tissue injury during the implantation for biocompatible implants, usually a steady state is reached during the restoration process, aiding in the continuous performance of the implant. However, due to prolonged leakage of toxic substances from the implants into biological uids, it will induce persistent inammation. This will interfere with the fusion and performance of the implant.
To avoid such anomalies, the potential toxicity of a biomaterial should be evaluated before clinical use in vitro and in vivo. 32 The lengthy chain process of translating the developed biomaterial from laboratory bench studies to a consistently reproducible and stable product for a clinical trial still faces many hurdles and difficulties. For a newly designed biomaterial to move from the lab to the clinic, it must go through rigorous phases of tests, which are mentioned in a nutshell in Fig. 1 . Aer the biomaterial is screened through a series of in vitro biocompatibility testing and found to be non-toxic, it is recommended that such a material undergoes clinically relevant in vivo osseointegration tests. The in vivo tests essentially involve implanting the material in an animal model and the evaluation of its histocompatibility. This is followed by clinical trials in human patients. Both the animal and human trials mandatorily require approval from the institutional ethics committee.
This review highlights concisely the past and present strategies used in evaluating the compatibility of newly developed bioceramics, along with some case studies, showcasing the assay methodology to be followed during the toxicity assessment. Besides the bulk material compatibility, the need to study the toxicological implications of wear particulates is also discussed briey, with special emphasis on the appropriate evaluation tests, to ensure the long term safety of the materials under physiological conditions.
Evaluation of bioceramic toxicity
Depending upon the anatomical location in the body, metals, ceramics, polymers and their composites with acceptable biocompatibility are being used as articial implants.
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Amongst these three material classes, ceramics are the most commonly used materials in dental and orthopedic applications to restore damaged hard tissue. 27 As the biocompatibility of any material used in the human body is a crucial property, tests to ensure the biological compatibility of materials have been specied by regulatory organizations. A poorly tested biomaterial once implanted may stimulate a chronic biological reaction that depends both on the implant surface and also the host tissue. In the present scenario, a material is considered to be safe if it is proven to be cytocompatible in vitro. In vitro tests are always appealing, due to the lower cost, shorter time duration, and higher reproducibility and reliability. Since, in vitro tests only expose single cell types in a culture, these results cannot be directly related to the outcome in a complex biological system (living tissue). 28 Hence, to have a long term clinical performance, along with studying the cell/tissue reactions to an implant, a series of risk assessments has to conducted on the proposed biomaterials, such as oxidative stress, necrosis/apoptosis, inammation, genotoxicity, degradation/ metabolism, immunogenicity, organ distribution, cellular recognition/internalization, clearance and excretion. Such an array of assessments is necessary to completely understand the nature of the toxicity of the material. 29 In addition, depending on the duration of the material interaction with the body, different tests have to be selected to ensure the biocompatibility. 30 
Cytotoxicity
The cytotoxicity of a proposed material to a specic cell type can be studied either by directly seeding the cells on the surface of the material, or by exposing the cells to the extraction uid, which falls under an indirect toxicity evaluation. 31 The choice of assays used will always inuence the evaluation of the cytotoxicity of any biomaterial. 32 The selection of other parameters, such as cell lines, controls, biochemical assay type and time of culture are all crucial, while evaluating a material's compatibility. 33 Prior to studying the tissue response of a material in vivo, it is always recommended to conduct a preliminary in vitro study to obtain some insights about its behavior in a biological environment. As an example, the cytotoxicity study using multiple cell lines, such as a mouse broblast cell line, mouse epithelial cell line and human keratinocyte cell line on three different polymeric biomaterials did not reveal any statistically signicant difference with regard to the sensitivity of the cell lines for the toxic residues. 31 In contrast, Park et al. reported that among the 13 cell lines (of different tissue origin) used to detect the cytotoxic effect of a polyurethane lm containing 0.1% zinc diethyldithiocarbamate, the material showed a variable cytotoxic potential that was related to the cell type. This reiterates the fact that the cell-line dependent sensitivity is crucial to measure the toxic response and hence, a combination of two or more evaluation methods along with specic cell lines should be used in accordance with the test materials for in vitro cytotoxicity testing. 34 Additionally, the selection of cell types should be based on the specic applications of the material under investigation. For instance, Schwann cells and neuroblastoma cell lines can be used to assess the in vitro cytotoxicity of materials used for nerve regeneration. 35 Similarly, human fetal osteoblast or osteosarcoma cell lines can be used to check the cellular compatibility for orthopedic implant materials, 36,37 and keratinocytes or broblasts can be used for determining the cytotoxic potential of wound dressing materials. 38 Over the years, it has been recognized that the direct use of cell and colony counting as an assay end-point is probably the least reliable method. Rather, the use of several different end-points might generate more biologically relevant information concerning the nature of the toxicity. 32 For example, oxidative stress can be monitored by a uorescent product (DCF assay) generated by the oxidation of the non-uorescent substrate, H2DCF-DA. Likewise, colorimetric assays such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and LDH (lactate dehydrogenase) monitor the cellular metabolic activity and cell death respectively, based on the reduction of lightabsorbing substrates. 39 Metabolic impairment assays are the most widely accepted ones, because they can detect any reduction in the metabolic viability, which further can be correlated to the proliferative capacity of the cell. 40 Another qualitative method to determine the viability, proliferation and cell density is the uorescent based live/dead assay. 41 The simultaneous staining of live (green labeled) and dead (red labeled) cells on the biomaterial surface reveals the amount of dead cells present, either by visualizing under uorescence or confocal microscopy. 42 The list of commonly used assays for evaluating the cytotoxicity of biomaterials is mentioned in Table 1 .
Oen, conclusions and predictions made from in vitro testing differ considerably, when the materials are placed into or on tissues of the osseous system. Cytotoxicity assays measure the effects on cells during the rst 12-24 h aer exposure to the material. The physiological scenario is entirely different, wherein the host cells either recover from, or succumb to their chemical injury. Eventually, other cellular and molecular cascades are switched on, such as inammatory and immune reactions. 43 Therefore, multiple biochemical assays are to be used to probe various biochemical signaling pathways involved in the toxicity of bioceramic particulates. Once started it must be completed immediately.
GSH, 197 glutathione estimation Does not use unstable reagents as required for the viability tests using tetrazolium salts. Estimation of total cell number by assaying protein content.
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Morphological evaluation
The observation of a cell-material interaction on the material surface is regarded as the key determinant for assessing the performance of a new biomaterial. 44, 45 Cell morphology, adhesion and spreading provide clear indication about the growth behavior and appropriate cellular response to the tested material.
46,47 The cell-material interaction can be examined using a multitude of microscopic techniques, including uorescence microscopy, confocal microscopy and electron microscopy. A high degree of opacity is a major issue in imaging cells attached to the materials, using optical microscopy. 48 This limitation can be overcome by using powerful uorescent tools, such as uo-rescence microscopy and confocal laser scanning microscopy.
49
In general, any cellular structures or organelles can be visualized by labeling the cells with specic antibodies/molecules tagged to uorophores. For instance, cytoskeletal organization is commonly determined by actin staining with uorescence-labeled phalloidin, which is normally used to assess cell motility, cell spreading, and cell shape. 50 Besides, a confocal laser scanning microscope has the advantage to probe the cellmaterial interactions by the simultaneous 3D visualization of both the cell morphology and scaffold architecture. 51 One major constraint in the confocal laser scanning based imaging technique is the use of a thin sample section, which is necessary due to the limited penetration depth and lower spatial resolution. On the other hand, multiphoton microscopy allows a slice wise optical sectioning and 3D reconstruction, thereby imaging deep into the scaffolds, enabling the label free visualization of cells within scaffolds. 52 In view of its high resolution, scanning electron microscopy (SEM) is one of the frequently used imaging tools to get an overview of the cell distribution and surface coverage on a tested biomaterial surface. Likewise, the efficiency of cellular seeding, spreading and orientation were mostly imaged under SEM to evaluate the scaffold quality. Even though transmission electron microscopy (TEM) offers the highest possible magnication and resolution, a series of time consuming processing steps and an ultra-thin sectioned sample requirement, makes it a less commonly utilized tool for evaluating cell-material interactions. However, few reports on the visualization of intracellular internalization and localization of nano-hydroxyapatite and the integrity of epithelial cell layers, lamina propria and basement membrane on collagen-glycosaminoglycans-chitosan clearly indicates its power to resolve the ultrastructural subcellular features.
50,53
Nevertheless, TEM images obtained for biological samples will usually be of low contrast. To solve this problem, scanning transmission electron microscopy (STEM) imaging has been developed, which is solely used to address some of the issues related to biological applications. 49 
Gene expression and cytokine levels
The interactions of cells with biomaterials are estimated using various kinds of techniques with different types of cells. For example, the reverse transcription polymerase chain reaction (RT-PCR) is a very sensitive tool to characterize cellular events at the mRNA level during the cell-material interaction. 54 The response of cells to various biomaterial surfaces can be analyzed from the mRNA expression proles of heat shock proteins (HSP). 55 The HSP 70 and HSP 90 families are a set of highly conserved proteins that play a key role in eliciting cellular activation, as well as the biological responses essential for cellular recovery, survival, and maintenance of normal cell functions. Minimal expressions of HSP indicate that the biomaterial adhered cells are exposed to lesser stress or environmental damage. 56 In a representative study, HeLa cells attached to the hydrophilic surfaces induced a substantially higher expression of HSP, due to a higher stress level than on the hydrophobic surfaces. The results reect on the bioinertness of hydrophobic surface, possibly due to less protein adsorption, thereby demonstrating the sensitivity of HSP as a sensitive marker in evaluating cell-material interactions.
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The response of the host tissue to implant materials is due to the sequential activation of cytokines that directs either inammatory or healing reactions. These cytokines also govern the fusion of macrophages to form giant cells, that eventually becomes the culprit for implant failure.
58 Among a pool of cytokines, the release level of proinammatory cytokines, such as interleukin-2 (IL-2), interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor alpha (TNF-a), are largely quantied to assess the foreign body reaction at the site of implantation. 59 
Genotoxicity
The genotoxic effect of implant materials and associated particles is widely considered as an important aspect of the long term safety assessment of the materials in the human body. In toxicity assays, cytotoxicity detection is usually performed before the genotoxicity test, to conrm the threshold concentrations of the experimental implant that inhibits cell proliferation. The possible mechanism of gene level toxicity by nanoparticles is explained with the help of Fig. 2 . Wear particles, in view of their ultrane size (length, scale) can get incorporated into the cytoplasmic space of a eukaryotic cell. SEM revealed that particles in the 0.05-3.2 mm size range, and TEM showed that particles in the 5-90 nm size range, can be accumulated in the periprosthetic tissues isolated from revised alumina ceramic total hip replacements. 60, 61 This further describes the accumulation of nanometre sized ceramic wear particles in the surrounding tissues, which oen remains undetected, due to the resolution limitation of SEM for particles of less than approximately 50 nm in diameter. The bimodal size range of ceramic wear debris overlaps the size ranges commonly observed with metal particles (10-30 nm) and ultrahigh-molecular-weight polyethylene (UHMWPE) particles (0.1-1000 mm). 60 On average, ceramic fragments of variable sizes, in the range 0.1-7 mm, were generated in vivo at the articulating surfaces of ceramic-on-ceramic prostheses, which appears in most cases as sharp-edged, polygonal yellow-brown particles. 62, 63 An exception to this is the zirconium oxide particles released from bone cement wear, which appeared as round (about 0.5 mm) particles. 62 It has been reported that these nanoparticles, once internalized, can generate reactive oxygen species (ROS) and thereby cause oxidative stresses.
64,65 Such processes can further activate various signaling pathways to cause either the aberration of, or double strand breaks of chromosomes in the nucleus, which will adversely affect cell division/proliferation, leading to programmed cell death (apoptosis), as shown in Fig. 2 . The inuence of oxidative stress to cause genotoxicity is mainly mediated through the upregulation or downregulation of various gene regulatory proteins.
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Following exposure to genotoxins, ROS generation acts as a signaling molecule, causing DNA damage. 67 It mainly results in DNA double-strand breaks and replication blocking lesions, leading to the activation of the DNA damage response (DDR) pathway. The phosphatidylinositol-3-kinases ataxia telangiectasia mutated (ATM) and ATR (ATM and Rad3 related) are the key transcription factors that sense this DDR. This in turn activates multiple factors involved in cell cycle control and apoptosis, such as p53, breast cancer-associated protein 1 (BRCA1), NF-kB and AP-1, following genotoxic stress. 68 Xu and coworkers 69 analyzed the upregulation of an array of DNA damage and apoptosis related genes, such as DNA-damage inducible transcript 3 (DDIT3), caspase 1, and cysteine peptidase (CASP1) genes (superoxide dismutase 2, glutathione reductase 1, etc.), as a result of nanoparticle exposure. Similarly, several apoptosis inhibitors, such as BCL2 interacting protein (HRK), BIK (BCL2-interacting killer, apoptosisinducing), Fas apoptotic inhibitory molecule 3 (FAIM3), apoptosis inhibitor (FKSG2), ST13, GADD45A were all signi-cantly upregulated with nanoparticle treatment. 69, 70 It was also proposed by Xu et al. that the downregulation of CDC14A via a mitosis pathway also plays a role in the potential genotoxicity induced by nanoparticles. The identication of such carcinogenic effects of biomaterials using relevant in vitro approaches is required to be included in the compatibility testing regime. 71 A variety of metals used in orthopedic implants has been demonstrated to induce carcinogenesis in vivo, especially particulates of cadmium, cobalt, cobalt-chromium alloy and nickel. 72 In a comparative test study, among various implant materials (316L stainless steel, nickel alloy, Ti-6Al-4V, hydroxyapatite-coated Ti-6Al-4V, alumina and zirconia), for the risk of carcinogenicity in mice, only a nickel-alloy induced malignant brosarcoma at the site of implantation. 73 Furthermore, a case study reports the development of osteosarcoma in a human patient at the site of a cobalt-chromium hip implant. 74 Out of the large number of patients with metal implants of complex composition, a total of 35 cases have been reported to have developed neoplasm and so tissue sarcoma in the region of implantation. 75 Still, speculations exists on whether the occurrence is coincidental, or induced somehow by the implant itself, or implant-related modications of the surrounding environment. 76 So far, limited studies have reported the carcinogenicity of bioceramics at the site of implantation. An Ames test and carcinogenic/mutagenic tests conducted on alumina and zirconia ceramics conrmed that these materials did not elicit any in vitro carcinogenic effects. 77 However, in one particular study, the subcutaneous implantation of solid and porous disks of alumina in a rat induced sarcoma at an incident rate of #25%, which was signicantly lower than the tumor incident rates reported in the literature for metals and medical-grade plastics. However, the same tests with ceramic particles did not produce any risk of neoplasms.
78,79 As far as the materials aspect is concerned, hydroxyapatite (HA) has been widely used as dental implants and coatings, due to its resemblance to the mineral composition of bone and teeth. The cells and tissues are constantly exposed to this material, as it takes more than a decade for the complete biotransformation of HA in the human body. 80 In such cases, it is important to evaluate their mutagenic activity, in order to avoid the risk of mortality aer implantation. 81 It is known that HA particles of different sizes and shapes are used to cure tumors, as it can cause DNA damage and an increased intracellular level of Ca 2+ . As far as the size effect is concerned, nano hydroxyapatite (nHA) particles, of size ranging from 20 nm to 80 nm, were found to be effective in inducing apoptosis and cytotoxicity, with the best efficiency around 45-50 nm sized particles. 82 Specically, needle and plate shaped nHA induced the most signicant cell death, compared to spherical and rod shaped particles, but with the least particle-cell association. 83 A similar investigation by Xu et al. 84 also showed a greater induction of cell injury and increased apoptotic rates by needleshaped and short rod-like particles than the spherical and long rod-like particles. This indicates that nHA, with smaller specic surface areas, causes lower apoptosis and cellular damage.
It was found that nano apatite treated carcinoma cells showed a decreased expression of one of the oncogenes, c-myc and the upregulated expression of p53 genes, which are involved in the suppression of tumors. 85 A study by Sun et al.
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also showed that DNA damage induced by HA nanoparticles, activates p53 through the phosphorylation of signal proteins. p53 is an important sensor of cellular stress conditions, including DNA damage, hypoxia, survival factor deprivation, mitogenic oncogenes, and telomere shortening. 87 Active p53 goes on to regulate downstream genes, including P21, Gadd45 and BAX and nally results in growth arrest and apoptosisinduction. 86 The cells also exhibited chromatin condensation and dispersion, the formation of vacuoles and nally, could cause oncosis in the treated carcinoma cells in vitro. 88 In contrast, large HA granules of 100-200 micron size, did not induce any chromosomal aberration, when tested in a rabbit model. There was not more than a 50% reduction in the mitotic index score for the test group, indicating the non-cytotoxic nature of the HA granules. 89 From the above discussion, it is apparent that the particle size plays an important role in the genotoxicity of biomaterials.
In vitro mechanical property evaluation of bioceramics
Even though ceramics are prone to brittle fracture, high wear resistance makes them more appealing in total hip replacement applications, than metals and polymers. 90 Among the clinical issues related to ceramic implants, fatigue fracture and wear remain the major sources of mechanical failure of load bearing implants. 91 Hence, the in vitro fatigue performance under appropriate tribological conditions is to be evaluated considering the dynamic loading, dimension and shape of the joints, lubricant (similar to synovial uid) and large number of cycles.
91 Most oen, the mechanical evaluation of bioceramics for biomedical application are tested under ambient atmospheric conditions. However, it is important to carry out all the tests such as fatigue, wear and fracture toughness in physiological saline (PS), which better mimics the in vivo environment. A four-point bend test of alumina exhibited around a 20% decline in the bending strength in PS, as compared to that in air 92 with a similar decrease seen in the elastic moduli of b-TCP scaffolds. 93 The fatigue-wear approach is one among the in vitro screening methods considered to be accurate for a lifetime prediction in determining the fatigue performance, close to the physiological environment.
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The physiological loading, using a multi-axial load prole, is normally applied throughout the fatigue tests. These are more realistic tests, compared to the basic wear screening tests, such as pin-on-disk, pin-on-plate or ring-on-disc.
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Despite the fatigue and wear evaluation complying with the American Society for Testing and Materials (ASTM) or ISO guidelines, the failure of the implants long before their predicted lifetime of $10-12 years, in the case of bioceramics, is a major concern.
92 Recent advancements, such as hip joint simulators, enable a more accurate interpretation of the fatigue and wear behavior in clinical situations. These simulators have been developed to simulate the biomechanics of human joints for a given geometric design, under a variety of operating conditions. In the last few years, various simulator designs were developed in order to achieve a similarity between the simulations and in vivo conditions. 95 Nevelos et al. 96 reproduced clinically relevant wear rates and wear patterns in a physiological hip joint simulator by the introduction of microseparation of the prosthesis components during the swing phase of the wear simulation. The size of the wear particles from the simulations was similar to the particles generated in vivo at the periprosthetic tissue regions, but with a slight change in the morphology. 97 Despite considerable research efforts towards the development of new bioceramic materials, the study involving total hip or knee simulator of ceramic based biomaterials is not signicant and this requires attention in future.
In vivo studies
In order to claim a newly developed material as an ideal implant, it must undergo extensive investigation (both in vitro and in vivo) to assess the biocompatibility, mechanical stability and safety. The results from short term in vitro studies can be difficult to extrapolate to the in vivo situation. Moreover, these measure the effect only during the rst 12-24 h aer exposure to a toxic substance. However, many biological reactions in vivo are rather complex and continue beyond 24 h. 33 For this reason, the use of animal models is an essential step in the testing of orthopedic and dental implants, prior to clinical use in humans. 98 Moreover, in vivo tests allow the implanted material to come into contact with different cell types and also provide interactions with blood, proteins, enzymes and other hormones. Despite the availability of numerous animal models for testing the biological performance of implants, the choice of a suitable model is always crucial, based on the type of study. 99 The foremost selection criteria include similarities with humans, both in terms of physiological and pathological considerations. 100 The dimensions, number and size of the implants, to be tested for in vivo studies, should be chosen based on the pathological location, as well as the species of animal. 98 The short term in vivo studies are carried out approximately up to 12 weeks and small animals like mice, rats, guinea pigs, or rabbits are oen used for these studies. In a similar way, animals with a long-life expectancy, such as guinea pigs, rabbits, dogs, sheep, goats, pigs and other animals are suitable for longer-term testing. As the in vivo assessment of tissue compatibility of a biomaterial is focused on the end-use application, it must be noted that a biomaterial considered compatible for one application may not be compatible for another application.
The intervention procedures during implantation causes vascular and tissue damage, leading to a complex inammatory response, followed by the inception of tissue reconstruction with hemostasis. 101 The bone-implant interface is formed in a layer 200Å to 1 mm thick, that can be calcied, with the thickness varying as a function of the implant material type. 102 The evaluation of the local pathological effects aer implantation is carried out at both the gross level (radiography) and the microscopic level (histology, histomorphometry and electron microscopy). 4 Largely, implant-tissue interactions around the implants are evaluated by a histopathological examination of sectioned samples. For instance, the cellular features, such as compact lamellar type bone surrounding the implants with osteocytes and lacunae, can be visualized clearly using light microscopy. Any evidence of connective tissue capsule formation, or inammatory reactions and macrophage invasion at the implant interface, can also be identied aer histological staining. Fig. 3a shows an example of the histopathological structure and morphology of neobone formation at the interface between a natural bone and a synthetic polymer biocomposite (highdensity polyethylene-20 wt% HA-20 wt% Al 2 O 3 ). At the end of the implantation period of 4 weeks, a bone segment at the implant site was dissected and processed for histopathological observations (see Fig. 3c ). The decalcied thin sections were stained with Stevenel's Blue, that can clearly differentiate between nuclear, cytoplasmic and extracellular components 103 and counter stained with van Gieson picrofuschin, 104 for connective tissue bers. The implant interface gap due to less bone integration is shown in Fig. 3b . The interfacial gap induces inammation and brosis, that eventually hinders neo-osteogenesis (Fig. 3b) .
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Although normal light microscopy provides the most important information about the presence of bone or so tissue contact, it does not provide ultrastructural information about the true interfacial arrangement. Piattelli et al. 106 employed wet SEM, which has similar features to SEM, but with the advantage of avoiding the usual SEM preparation steps, such as dehydrating, degassing, and coating. It was possible to obtain interesting information about bone bonding and apatite layer formation at the interface, yet could not pinpoint the type of tissue around the implant. 106 The thickness of an apatite layer, its size, orientation and composition can be precisely detected by TEM, as well as with SEM equipped with an electron probe micro-analyzer (EPMA), but with slight artifacts.
107,108
The two dimensional image obtained aer destructive specimen preparation and staining protocols limits the analysis of longitudinal sections (especially for bone), as well as multiple samples. 109 However, radiographs are commonly used, both before and aer implantation, for the evaluation of the host tissue and the tissue reactions around the implants, during follow-up. 110 It can even provide information about marginal bone loss, but observer variation and a lower resolution can limit the diagnosis. 111, 112 With the advent of the micro-computed tomography (m-CT) technique, the interface analysis became easier, providing useful information on the morphology, tissueimplant contact, bone area and density prole from the m-CT values. The characteristics of spongious or trabecular bone that indirectly inuences bone strength, such as bone density, trabecular bone thickness and connectivity, can be analytically assessed using m-CT. 113, 114 This emerging technique also allows a three dimensional analysis, with contrast discrimination up to 1000 times better than that of conventional radiography. 115 
Biological response to wear particulates
The generation of wear debris and its accumulation in and around the implant are inevitable in the case of many prosthetic systems, due to mechanical stresses, as well as the continuous exposure to body uids. Several factors inuence the progressive wear of particles from the prostheses, such as the implant design, the physiological microenvironment and material parameters. 116 Severe wear takes place under higher contact pressures. When the local stresses exceed the tensile strength of the material, multiple grains will spall from the ceramic matrix, leading to increased wear rate. 117 The improper xation of the prostheses and an increased angle of inclination of the acetabular cups have been proved to be a possible reason for accelerated wear. 118 Moreover, the friction and wear of the implants strongly depend on the surrounding environment. Besides, ceramic wear particles may be trapped between two moving surfaces, causing three-body wear in the physiological environment. 119 Inside the human body, the implant is continuously exposed to a corrosive mixture of extracellular uid, comprising water, complex organic compounds, various ions, proteins, enzymes etc. 120 The exposed surfaces will undergo chemical dissolution/degradation, either by the body uids or by the foreign body reaction, elicited by invading immune cells. The degree and nature of the inammatory cellular response depends on the material composition, surface structure, surface chemistry and so on.
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The important prerequisites required for achieving a lower wear rate in load bearing and articulating (hip joint) implants are extreme hardness, a ne-grained microstructure and a smooth surface nish. 122 The most clinically accepted wear couple is the combination of an alumina head and an alumina cup (hard/hard), articulating against itself. This ceramic-onceramic bearing surfaces offer considerable advantages over more traditional articulations, which utilize UHMWPE as a bearing material, both in terms of the wear volume and osteolytic potential. 122 In contrast, the wear rate of zirconia articulating against itself was found to be high, which was 5000 times greater than that of alumina. 123 The low thermal shock resistance of the zirconia ceramic discs was thought to be responsible for the extensive cracking and loss of the material.
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Similar catastrophic wear rates were found for the combination of medical grade alumina/zirconia. 122 As a rst step towards the toxicity assessment of ultrane particles, the synthesis of such ner particulates from bulk materials without a compositional change is an important aspect. Once such particles are prepared, one can prepare an eluate by dissolving such particles in phosphate buffered saline (PBS) or other medium. The stages involved in eluate preparation from a bulk biomaterial are shown in Fig. 4. Furthermore, Fig. 4 shows the recommended sequence of various biochemical assays to evaluate the toxicity potential of biomaterial eluate.
To the best of our knowledge, there is no unambiguous evidence in the literature which can suggest the critical concentration of particles, irrespective of the chemical composition. Similarly, we do not have any clear literature proof indicating the size of the particle that will be toxic, if generated in vivo. The biological response to wear particles is a complex interaction and multiple variables, like size, concentration, shape and composition inuence such interactions. With regard to the composition, high-density polyethylene (HDPE) particles showed a signicantly higher inammatory response, compared with alumina particles of similar size and concentration, implying that in addition to the ability of macrophages to respond to the size and concentration, these cells are sensitive to the composition effect. 124 In another study, the volumetric concentration of alumina particles required to stimulate an inammatory effect was found to be extremely high (500 mm 3 per cell). However, it is unlikely to achieve such threshold concentration in vivo, due to the extremely low wear rates (<4 mm 3 per million cycles) of ceramic-on-ceramic prostheses, even under severe microseparation conditions.
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Another report suggests that the osteolysis due to wear particles is more likely to occur when the wear rate is more than 0.1 mm per year and its occurrence is least expected for the wear rate of less than 0.05 mm year.
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The wear products generated in vivo can disseminate via the lymphatic system and can either remain inert, or can induce a carcinogenic or mutagenic effect. 127 The material toxicity arises mainly from the ions leaching out from the wear debris. In vivo, the wear rate of a ceramic-ceramic is 4000 times less than that of a metal-polymer. 128 Due to the particle exposure, macrophages and broblast-like cells, from the synovial uid, release prostaglandins, metalloproteinases, and cytokines, stimulating inammation, causing aseptic loosening. IL-1, IL-6 and the metabolite PEG 2 are potent inducers of osteoclast activation and resorption in the joint area. The long-term exposure of zirconia and alumina powders to synoviocytes slowed its proliferation rate without any signicant change in the release of IL-1 and IL-6, but to a small extent inhibited the functioning of some of the metabolites associated with lipoxygenase pathways. 129 Zirconia and alumina are the two ceramic materials widely used as load bearing implants, due to their bio-inertness and stability, that can meet the criteria at the loading parts of the human body. Wear particles that are of a few microns in size can cause cellular reactions in the biological environment. To this end, the larger release of yttrium and zirconium ions from an yttrium-doped zirconia in a dissolution test, using lactic acid, indicate the non-suitability of these materials in a lower pH environment, especially as dental implants.
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It is well known that bulk HA is highly bioactive, whereas the dissolution of HA particles and the diffusion of ions into the cells can affect the survival of the tissues. In an attempt to study the effect of various HA powders on the monocyte intracellular element concentrations, Laquerriere et al. 131 employed an X-ray microanalysis technique to measure the elemental concentration of diffusible ions such as P, S, Mg, K, Na, and Cl as markers, to identify the cytotoxicity in cells. Among them, the most observed criteria was the Na/K ratio, which is an indicator of the viability, with a smaller value signifying a higher material toxicity.
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Even though it is well documented that the particulate toxicity might be associated with multiple modes of cell death, toxicity was initially thought to be of the necrotic type. Later, several studies showed apoptosis as the predominant mode of cell death, exerted by chemical or nanoparticle toxicity.
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Apoptosis is a mechanism of programmed cellular death, involving cellular shrinkage, nuclear condensation and DNA degradation, caused by the selective activation of endonucleases. [133] [134] [135] This process is accompanied by fragmentation of the cell into membrane-bound apoptotic bodies, which are rapidly up taken by phagocytosis in macrophages, dendritic cells or parenchymal cells. 136 The integrity of the plasma membrane of cells undergoing apoptosis is preserved and most functions of the membrane remain unchanged. 134 The stage wise morphological changes, as well as the biochemical changes during apoptosis are summarized in Fig. 5a . During this process, a cascade of signaling proteins is activated, leading to apoptotic induction. 137 Of them, the Bcl-2 family of regulatory proteins, has an anti-apoptotic effect, by controlling the membrane integrity. An excess of pro-apoptotic protein, Bax and a decrease of Bcl-2 at the surface of the mitochondria, permeabilizes the outer mitochondrial membrane and triggers the release of cytochrome c.
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Cytochrome c release into cytosol leads to the activation of the caspase cascade. The preceding proteolytic activity induces cellular DNA damage and apoptosis.
139 Fig. 5b elucidates the key molecular mechanisms involved in the apoptotic pathway.
An extremely low level of heat generated by metabolically active cells can be used as an evaluation tool for the continuous monitoring of the growth and activity of cells that interact with biomaterials.
140 Isothermal micro-nanocalorimetry (IMNC) is a passive detection technique, having the capability of measuring the heat production of growing and proliferating cells in the mW range. Hence, it has the advantage of studying the fate of cells aer treatment or exposure, without disturbing the cells culture.
141 Ca 2+ ions leaching out from glass and HA affect the energy metabolism in a signicant way. However, human chondrocytes grown in contact with a bioactive glass and HA particles did not alter the heat production, as detected by IMNC, proving its minimal effect on the metabolic activity of the cells, even at a concentration of 3 mg ml À1 .
The surface to volume ratio for bioceramic nanoparticulates is higher in comparison to microparticulates and hence has improved properties, like osseoconductivity, but also has higher solubility and exhibits a higher ion release rate. Considering this fact, there is a greater possibility that such particles may induce cellular and genetic damage. In general, for all tested bioceramic particles, the DNA damage increased with increasing concentration. According to Tavakoli et al.,
142 a higher percentage of DNA damage and higher tail migration were detected using a single cell gel electrophoresis (SCGE) assay, for a concentration of more than 4 mg ml À1 of a novel nano bioactive glass, aer 24 h of treatment in broblast cells. This shows that the genotoxicity of any material depends on the concentration, and the optimal test concentration has to be decided based on the type and extent of patient contact. 141 For instance, if the developed material is a potential substance for dentistry, then higher concentrations of material are needed to be tested, because most dental materials release small amounts of various substances into their physiological environment, like the pulp and the oral cavity. Among other forms of apatite, widely used in hard tissue repair and replacement and at the same time has raised toxicity concerns, is uorapatite (FA), since the F À ions released from this inorganic composite can induce genotoxic and mutagenic effects. 143 Eluates of FA treated on Chinese hamster V79 cells had an anti-proliferative effect, due to DNA breakage and genome disintegrity, but conictingly had no detectable mutagenic effect. Similar G0/G1 arrest and inhibition in the cell proliferation were found in FA treated NIH-3T3 cells, revealing the harmful genotoxic effect of uoridated biomaterial eluates.
143,144
Heil et al. 17 reported a thorough study on the mutagenesis/ carcinogenesis of dental material extract, using three fast and reliable test systems, namely the bacterial umuC-test, the eukaryotic DNA synthesis inhibition test and an in vivo alkaline lter elution technique. The bacterial umuC test, using the Salmonella typhimurium strain, is as sensitive as an Ames test, with a umuC operon capable of being induced by genotoxic agents. This can be directly assessed from the activity of b-galactosidase, whose gene is fused along with the umuC operon. Similarly, DNA damage is the main cause of carcinogenesis and therefore detecting carcinogenic substances released from an implant also comes under the preliminary evaluation of the newly developed biological implants. It has been widely reported that the micronucleus test (MNT) specically detects chromosomal damage, caused by toxic materials.
145 A large number of reports indicate that the in vitro MNT shows proper sensitivity and specicity for the detection of new material genotoxicity. Micronuclei occur when cell division is hampered by chromosomal breaks. Hence, they cannot distribute during division and form the micronuclei. In a study to check the genotoxicity of HA/ZrO 2 composite particles, it was found that the micronuclei ratio signicantly increased with an increase in the proportion of ZrO 2 beyond 70 wt%, at a concentration of 200 mg ml À1 concentration. However, in such conditions, an appropriate proportion that is well below the toxic concentration can be used in developing substitutes for bone replacement. 145 
Cytotoxicity examples of bioceramics and its eluates
Hydroxyapatite ceramics have long been recognized as appropriate substitute materials for bones, due to their chemical and biological similarity to human hard tissues. 146 However, they lack the required strength and toughness for load bearing implant applications, even though they support bone ingrowth/ osseointegration. To improve the mechanical properties based on the excellent biologic activity, different HA-based composites, as well as HA coating on the surface of metallic implants, are currently used. [147] [148] [149] Even though different coating process are continuously being investigated to deposit HA, with optimal coating properties for implant success, it is generally accepted that plasma-sprayed HA coatings improve the bone strength and initial osseointegration. However, the optimum coating properties required to achieve a maximum bone response have yet to be achieved. 150 
Hydroxyapatite-titanium composites
Titanium (Ti) is an extensively used orthopedic implant material, due to its low density and excellent corrosion resistance. 151 The development of biocomposites based on HA and Ti, having enhanced physical properties and biocompatibility, acts as a better alternative for bone substitutes. With this fact in mind, our group developed HA-Ti composites, with Ti varying from 5 wt% to 20 wt%, using the spark plasma sintering technique.
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The physical properties of HA-Ti, in terms of hardness, elastic modulus and fracture toughness were made similar to the cortical bone. Along with this, the aspect of biomineralization, as well as the quantication of osteoblast cell fate processes on these composites were also analyzed critically. 152 The routine biochemical analyses that are used to identify cell viability cannot predict whether the mode of cell death is due to apoptosis or necrosis and therefore, other molecular biology techniques are being used, lately. Fluorescence-activated cell sorting (FACS) analysis can precisely distinguish between an apoptotic/necrotic cell and the principle of this analysis uses a single-cell based uorescent detection.
153 Furthermore, the data obtained from biochemical assays indirectly reect the proliferation and cytotoxicity, with many measurement errors, by providing only the baseline information. Flow cytometry measures the physical characteristics of single particles/cells, when exposed with a laser in a uid stream. The sorting of the cells is based on tagged uorescent molecules. The uorescent tagged cells are sorted with a laser as the cells move past a set of stationary detectors. Overall, in the biomaterial research eld, the usefulness of ow cytometry in evaluating the cell cycle/ proliferation/apoptosis of cells on material surfaces has not been explored extensively. Cell proliferation of hFOB cells on HA-Ti biocomposites was quantitatively analysed by labeling, using the CellTrace™ violet dye, wherein the sequential reduction of the uorescent intensity during cell division is quantied by FACS. Therefore, the division history of each individual cell can be obtained and the average number of cell divisions that the proliferating cells undergo is given by a parameter, termed the proliferation index. Fig. 6a and b show the distinct uorescent intensity peaks of proliferation for HA and HA with 10% Ti, for different time points, starting from the day of seeding till the 8th day. The parameters, like the proliferation index and division index, were also calculated to assess whether the HA-10% Ti equally promotes the proliferation/division of osteoblasts, similar to the monolith HA. Therefore, this study presents the efficacy of ow cytometry in analyzing the cell fate processes of a cell population grown on a biomaterial substrate.
It is known that HA and b-tricalcium phosphate (b-TCP) ceramics are brittle and cannot be used as implants in load bearing applications. Therefore, the current practice is to coat load-bearing implants with HA and calcium phosphate, with the intention to induce a rapid implant stabilization in the bone and surrounding tissue. 154 Coating titanium implants with HA has been suggested to increase osseointegration, by stimulating early osteoblast function. 155 Recently, the biomimetic deposition of calcium phosphate from simulated body uids (SBF) has been shown to be an effective method of coating many different types of implant materials, to promote osseointegration and bone regeneration. 
HA-zinc oxide
Developing prosthetic implant materials that are resistant to bacterial infection has always remained a major challenge among biomaterial researchers. The addition of any antibacterial compound to HA can degrade its cytocompatibility to a signicant level and it is widely recognised that an optimum combination of the cytocompatibility and antibacterial properties is ideally desired for bone replacement applications. In this backdrop, our research group has tailored the addition of zinc oxide (ZnO) to HA, to develop a composite that can compromise between the antibacterial and cytocompatibility properties. 157 Inorganic oxides, such as ZnO, generate surface oxygen species, leading to bacterial cell wall rupture, followed by bacterial death.
158 A trace amount of Zn is required for many biomolecular processes, such as RNA transcription, gene expression, liquid peroxidation and maintaining an effective immune response. [159] [160] [161] In a comparative study with two cell lines (L929 and SaOS2 cell line), ZnO induced a deleterious effect to L929 cells, as revealed from an MTT assay and SEM imaging. The composite containing less than 10% ZnO supported cell adhesion with lopodial and lamellipodial extensions, suggesting its cytocompatibility. There was a continuous decrease in the number of metabolically active cells, with an increase in ZnO content, that is mainly attributed to the toxicity of the ZnO particles incorporated into the HA matrix.
157 An atomic absorption spectroscopic study revealed the dissolution of 11 and 17 mg l À1 of Zn 2+ ions into the culture medium, that has predominantly inuenced cell death. Despite the higher antibacterial effect of HA, with more than 20 wt% ZnO, taking into consideration the cellular response of these composites, it can be concluded that 5-7.5 wt% ZnO addition to HA matrix is the optimal amount, balancing both the antibacterial and biocompatible properties to a favorable extent (Fig. 7) . 162 The reduction in viability of mouse broblast (L929) cells adhered on pure HA and HA-ZnO composites aer 7 days, when compared to that of SaOS-2 osteoblast like cells, revealed the cell-line dependent toxicity of ZnO. 157 Likewise, the absorbance value obtained from the turbidimetric analysis showed a systematic decrease in the bacterial viability with an increase in ZnO content, irrespective of the strains used (gram positive S. epidermidis and gram negative E. coli) (Fig. 7b) . 
HA-Ag and Ag-doped HA
The antibacterial and disinfectant properties of silver ions and silver based compounds have been well exploited for medical purposes, from ancient times. 163, 164 Due to the advent of antibiotic agents in modern medicine, the use of silver in the biomedical eld has reduced drastically over the years.
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Knowing its potential antimicrobial properties, several groups have started developing composites for orthopedic applications, by incorporating silver in HA to improve the antibacterial activity, [166] [167] [168] [169] as well as the mechanical properties. 170, 171 Nevertheless, one of the major concerns in reference to HA-Ag composites is that Ag addition, in an amount greater than a critical value just sufficient for anti-microbial property, can reduce cell proliferation. With this basis, our group has illustrated the cytocompatibility, osteoinduction and bone mineralization (ALP and osteocalcin assay) of HA-10% Ag composites. An important outcome of this study was that the addition of 10% Ag provides a bactericidal effect against E. coli, without compromising the in vitro cytocompatibility of HA. Likewise, the same effect, of improved mechanical, as well as bactericidal properties was observed when 5% silver was added to HA and CNT (carbon nanotube), to develop antibacterial composites of HA-Ag and CNT-Ag, respectively. 172 The mechanical mixing of silver with HA 173 occurs only at micro levels. If the ions are chemically doped to HA, then the distribution will be at the atomic level. The cytotoxicity behavior of these chemically synthesized silver doped HA samples will be different from the mechanically mixed silver with HA. The cell adhesion and MTT assays conducted on different Ca 10Àx Ag 2x (PO 4 ) 6 (OH) 2 (0.0 # x # 0.5) compositions revealed that silver ion incorporation (x # 0.2) in the parent phase did not hinder L929 mouse broblast cell spreading and growth. Importantly, the chemically doped HA showed an increase in the antimicrobial behavior, with a lower amount of silver (x # 0.2), compared to mechanically mixed compositions. 174 In brief, the method of incorporating an antimicrobial phase to a HA matrix, i.e. either physically or chemically, greatly inuences its overall functional properties, especially the cellular and tissue responsse. 
HA-mullite
In an attempt to develop a new biocomposite material with improved mechanical properties, mullite (3Al 2 O 3 $2SiO 2 ) was added as a second phase reinforcement in a HA matrix, without considerably affecting the biocompatibility. The bulk hydroxyapatite-mullite composite materials exhibited enhanced in vitro cell adhesion, cell viability and osteogenic differentiation of osteoblasts, when compared to pure HA. 175 In another study by our group, L929 cells exposed to varying concentrations (10, 25, 50, 75 and 100%) of the eluates of HA-20% mullite (HA20M), directed cellular toxicity at a dose above 50%, independent of the treatment time. Based on the analysis using the comet assay, signicant genotoxicity of HA20M eluates was observed, which was further related to be dependent on particle size, concentration and compostion. 176 In continuation, submicron to nanometer sized HA20M composite eluates were exposed to a human osteoblast cell line (hFOB 1.19) to determine the changes in the cellular behavior and gene expression in the presence of these particulate eluates. The DNA damage potential of the nanoparticle eluates has been assessed using the analysis of comets, in terms of the olive tail moment (OTM), tail length and tail DNA, as shown in Fig. 8A . Although DNA fragmentation can be observed aer HA20M nanoparticle treatment to L929 cells, as shown in Fig. 8A , the extent of such damage is signicantly below that observed in the case of the positive control (ethyl methanesulfonate). The results from a RT-PCR study demonstrated the concentration dependent upregulation of bone specic markers, such as cbfa, COL1 and OCN, suggesting a range of suitable concentrations with no toxicity. The apoptotic cell death studied by FACS showed increased apoptosis with an increase in the HA20M concentration and treatment time. A closer look at Fig. 8B The wear particles from a biocompatible bulk material can cause acute or chronic inammation, which depends upon the physical properties and chemistry of the particles, as well as the immunological response of the host cells. 178 Warashina et al. 179 demonstrated that the ceramic particles (Al 2 O 3 and ZrO 2 ) induce a reduced inammatory response and osteolysis/bone resorption, as compared to that induced by polymeric (high-density polyethelene, HDPE) or metallic particles (Ti-6Al-4V). Among the different material types, the polymer (HDPE) was reported to cause a more intense inammatory response. In addition, the wear particle induced apoptosis in the tissue, near to the prosthetic joint, has been found to be lowest in ceramics, due to their lower wear rate, whereas metallic particles induced the maximum apoptosis.
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In the process of developing a bone-like piezobiocomposite, BaTiO 3 was selected for its high dielectric constant and biocompatibility. Among the various HA-BaTiO 3 composites developed by our group, HA-40 wt% BaTiO 3 showed mechanical and electrical properties similar to bone. Although the biocompatibility of BaTiO 3 has been proved by several studies in both hard and so tissues, 181,182 the presence of Ba in the composite still raises concerns on the potential toxicity, if used as a long term implant. In view of this, HA-40 wt% BaTiO 3 nanoparticulates were evaluated both in vitro using myoblasts cells and in vivo, by injecting at the articular joints of mice. No trace of particle accumulation or an inammatory response was observed upon examining the histolopathological image of the vital organs. On the contrary, particles agglomerated in the vicinity of the knee joint, with macrophages surrounding them, in an attempt to engulf and degrade the particles. Surprisingly, the particulate remained inert at the site of injection even aer 7 days, instead of evoking any inammatory cytokines.
All the above mentioned examples of cytotoxicity assessment in various bioceramic materials are summarized in Table 2 .
b-Tricalcium phosphate based bioceramics
Another form of a calcium phosphate ceramic that show great potential in applications of bone gras is b-tricalcium phosphate (b-TCP). It is a well-known bioactive/partially resorbable biomaterial and has been widely studied in the past two decades, as a bone cement and tissue engineering scaffold. [183] [184] [185] [186] Due to its inadequate mechanical strength, different strategies were used in incorporating b-TCP as the biologically active phase in composites, to achieve comparable mechanical properties to natural bone. b-TCP-reinforced, high-density polyethylene composite scaffold stimulated a higher degree of proliferation, and osteogenic differentiation of the G-292 cell, which was demonstrated to be due to the high dissolution of the surfaces and high release rate of the calcium and phosphate ions into the medium. 185 In a similar study, an interconnected porous b-TCP scaffold inltrated with a thin layer of poly(lactic-co-glycolic acid) (PLGA) polymer, showed a good cellular response in addition to strengthening and toughening the composite scaffolds. 187 Osteoblasts cells treated even with the highest concentration of b-TCP extracts (100 mg ml À1 ) did not show any evidence of cytotoxicity. The IC 50 (50% inhibitory concentration) end point assay was used to evaluate the cytotoxicity effects of the materials at different concentration applied. 188 Since bone tissue comprises of multiple cell types (osteogenic cells and endothelial cells) and because of the fact that angiogenesis is a prerequisite for osteogenesis in vivo, it was demonstrated that porous interconnected b-TCP scaffolds can aid in the process of osteogenesis and angiogenesis, when human endothelial cells are co-cultured with human osteoblast cells. 189 
Conclusions
The recent development of novel, sophisticated, and sensitive routes to determine the toxicity and long term stability has accelerated more effective and biologically relevant testing of the biocompatibility of novel biomaterial implants. Rapid screening using in vitro cell culture models alone cannot predict the long term in vivo response, due to the reactive, degradative, kinetic and dynamic physiological environment. This obviates the necessity of evaluating different aspects, including genotoxic, epigenetic, carcinogenic and immunogenic effects, to improve the clinical acceptability of the material. Even though the safety of a newly developed material can be interpreted by comparing the biocompatibility results from both in vitro and in vivo, the exact fate of the material would be realized only aer a clinical application in human patients. Therefore, a systematic toxicity evaluation at every stage of testing, through in vitro to in vivo, is essential to ensure a longer implant life.
